ORC powered by diesel-engine waste heat was developed. Methanol, Toluene and Solkatherm were considered as working fluids. Methanol was selected due to the best overall thermal performance. Optimal cycle operating parameters and heat exchanger area were evaluated.
Introduction
Prevention of environmental pollution and the development of innovative, renewable and more efficient resources are the imperatives of the modern society. The internal combustion engine is the most common type of car engine and with the prospect of continuing to be so in the future, it is essential to continue developing this engine-type, primarily through increase in efficiency and reduction in fuel consumption. Our aim was to contribute towards a solution for pollution reduction and improved performance of internal combustion engines by coupling it with an additional element that harnesses the waste heat and contributes towards the higher overall efficiency.
Roughly one third of the energy which is generated from an engine is converted to mechanical power; the remaining energy is released in form of heat [1] . Thus, the challenge of reaching thermal efficiency higher than 42% remains. If only 6% of the heat contained in exhaust gases would be converted to electrical power, the fuel consumption could be reduced by around 10%. There are different systems of exhaust heat recovery, including mechanical and electrical turbocompounding, thermoelectric materials [2] or turbochargers [3] . This paper focuses on exhaust heat recovery using an Organic Rankine Cycle (ORC) system. Utilisation of ORC in exhaust heat recovery is not a new concept [4] . General advantages of an ORC system are well suited for the application, including good flexibility and efficient utilisation of separate heat sources [5] . As the exhaust heat is converted to electrical power, the fuel consumption decreases and the overall engine efficiency increases. Thus, it could be considered as an environmental friendly solution. Problems could occur in terms of space limitations and the additional weight of the ORC system itself. Nevertheless, numerous studies proved significant improvement in total system efficiency if bottoming ORC recovery system is implemented. Different aspects of conversion of diesel engine waste heat into electricity have been studied ( [6] , and references therein). Yu et al. have studied performance of bottoming ORC under different engine conditions. Katsanos et al. [7] have considered both water and organic cycles applied on a diesel truck engine. They found favourable performance of the ORC yet emphasised that significantly higher mass flow rates were needed. Recently, Capata and Toro have analysed patented "on-board" ORC recovery system [8] .
In spite of considerable scientific attention the discussion around the 'optimal' ORC working fluid continues [9] . In fluid selection suitable thermophysical properties of the organic fluid are the prerogative, yet chemical stability, toxicity and flammability must be considered. Many working fluids commonly considered for ORC application may have undesirable values of ODP and GWP, and these must be taken in account in the light of strict emission reduction legislations. Most studies agree the 'optimal' choice depends on the type of the heat source and on operational parameters, as well as on cycle configuration [10] . Therefore, the challenge to find a suitable fluid which has satisfying thermodynamic properties and is environmentally safe remains [11] . This paper discusses how the selection of different working fluids influences the efficiency and the net power output of an ORC exhaust heat recovery system. Thermodynamically different working fluids have been selected for the study, primarily assessing their suitability to be used in wide pressure and temperature range of operational parameters. The overall performance is discussed in terms of thermal efficiency and power produced, but also implications on heat exchanger size. The required heat transfer areas have been evaluated for promising performance scenarios.
Working fluid selection
Suitable working fluids for ORC can be segmented into different classes [12] and [13] . From the structural point of view and based on Table 1 . Despite the variety of the working fluid studies, no single fluid has been identified as the optimal one for all ORC processes. The extent of fluid candidates varies widely and different types of heat sources and working conditions have to be considered when selecting the optimal working fluid. Furthermore, different performance indicators result in different choice of the best fluid [12] . We compared the performance of three different working fluids: Methanol, Toluene and Solkatherm SES36. Three dissimilar fluids were chosen: Methanol as a wet fluid, Toluene as a dry fluid, and Solkatherm as a mixture. Therefore, these fluids representing entirely different fluid types whose behaviour is thermodynamically dissimilar and should produce significantly contrasting results.
Methanol is a common ORC working fluid. Because of the negative slope in the Tes diagram (Fig. 1 ) of its saturation vapour curve (ds/dT < 0) Methanol is a wet fluid. Wet fluids have a good overall performance in energy conversion efficiency, but the possible presence of liquid during the expansion process may damage the turbine blades. Thus, an implementation of a superheater is crucial. Furthermore, Methanol has flammability issues.
The second fluid selected for this study is Toluene. Toluene is an aromatic hydrocarbon and, unlike Methanol, it is a dry working fluid. Dry fluids have a positive slope of the saturation vapour curve (ds/dT > 0) in the Tes diagram. For dry fluids there is no risk of condensation during the expansion in the turbine, so the superheating process is not as essential as for wet fluids. The thermodynamic properties of hydrocarbons are desirable, but toluene is still highly flammable.
The mixture Solkatherm SES36 is a composed of two fluids: the first fluid is 1,1,1,3,3-pentafluorobutane or R365mfc [14] [15] is the second part of the mixture with a percentage of z35 %. Solkatherm developed to be mainly used in the heat transfer applications, but also as a refrigerant or solvent. Other properties of this mixture are that it is non-flammable, not toxic, colourless, and chemically and thermally stable up to 220 C.
Apart from different shapes of the saturation curves ( Fig. 1 ) selected fluids also have dissimilar critical point values, and are therefore categorised differently [9] . The main thermodynamic properties of selected fluids are presented in Table 2 . Fluids have different range of applicability (chemical stability and decomposition limits) and impose certain flammability and toxicity risks; however, working fluids with similar environmental impact and/or safety classification are increasingly being considered in ORC, with some already commercially employed.
Further differences in three ORCs studied are reflected in turbine size, which can be a limiting factor. Turbine design and operational requirements are quantified using turbine size parameter and isentropic volume flow ratio, which both strongly depend on the critical temperature of the working fluid [13] . Both parameters are quite variable and largely dependent on the working fluid considered. Methanol, and especially Toluene, due to relatively high critical temperatures, have values of both parameters outside the range conventionally selected for ORC. High critical temperature fluids are generally not considered in low temperature source cycles, as large size parameter and volume flow ratio values require oversized cycle components. However, these fluids have been shortlisted for several studies and turbine size obstacles can be alleviated via careful selection of cycle parameters, appropriate for the heat source considered [10, 16] .
Model

Diesel engine
The selected diesel engine is a six cylinder, four stroke engine, whose main operational parameters are shown in Table 3 [17] . All values are assumed to be constant; starting and braking conditions which would affect the temperature and mass flow rate are disregarded. The ORC system which is driven by diesel engine exhaust heat consists mainly of turbine, generator, two condensers (condenser 1 and 2) for cooling the system, working fluid pump, preheater, evaporator, superheater and the internal combustion engine, as shown in Fig. 2 . 
The model
The basic processes of the Organic Rankine Cycle can be delineated as followed [18] 
Assumptions
Our ORC model is based on the following assumptions:
1. Methanol, Toluene and Solkatherm SES36 are chosen as working fluids for the ORC. 2. A steady-state steady-flow system is considered.
3. Kinetic and potential energy losses as well as heat losses in all components and pipes are neglected. 4. The only pressure drops are in the turbine and the pump. 5. The isentropic turbine efficiency (h T ) is set to 0.7 and the isentropic pump efficiency (h P ) is set to 0.8 [17] .
6. The minimum pinch point is set to DT 5 ¼ 30 K [19] . It is beneficial for the cycle performance to choose a small pinch point, as the net power output increases, which is an advantage, but the heat transfer area increases as well. Hence, the system gets heavier, the fuel consumption increases and the overall efficiency decreases. 7. Tube heat exchangers in preheater, evaporator, superheater and condensers are of an inner diameter (D i ) of 0.013 m and an outer diameter (D o ) of 0.018 m. 8. Air is used as a cooling fluid, with an assumed temperature of 25 C at point 3a. Hence, the fluid temperature is presumed to be 30 C at this point with a pinch point of 5 K. The condensing pressure was chosen based on 25 C saturation temperature. 9. Fouling inside the heat exchangers is neglected. 10. All fluids in the liquid phase are assumed to be incompressible.
Thermal efficiency and net power
Fluid properties at relevant points of the cycle were calculated by using the fluid database REFPROP [20] . The turbine inlet temperature (point 1) was initially estimated to be in the 150 Ce500 C range; the temperature range of Solkatherm limited to 220 C. Isothermobar connecting points 3a and 3 was set at 30 C. The evaporation line (5-6) is set at the maximum cycle pressure. The thermal efficiency of the cycle is: The exhaust temperature at the heat exchanger inlet, T ex in at point 1, as specified in the engine data sheet, was modelled as 519 C. The exhaust temperate at point 5 can be estimated using pinch point temperature:
In our calculations we have used the provided exhaust gas mass flow rate, _ m ex ; of 0.275 kg/s and the mean specific exhaust heat capacity, c p ex m , was calculated by REFPROP for the given exhaust gas composition. The mass flow rate of the fluid was calculated from the energy balance:
The actual net power output is:
Heat exchanger
The overall heat transfer coefficient was estimated in order to evaluate the required heat transfer area. The following energy balances were used to calculate exhaust temperature at point 6 and the exhaust outlet temperature:
The temperature differences between the exhaust and the working fluid are:
The overall heat transfer coefficient depends on the individual heat transfer coefficients of the preheater, the evaporator or the superheater and the individual heat transfer coefficient of the exhaust gas.
Reynolds number for the exhaust flow:
where D h is the hydraulic diameter and r is the exhaust gas density.
All exhaust gas properties, including thermal conductivity and Prandtl number, were calculated using REFPROP.
The
With the known tube diameters and the thermal conductivity of exhaust, the heat transfer coefficient of exhaust was ascertained:
Preheater
Preheating the working fluid up to its evaporation temperature is a vital first step. The individual heat transfer coefficients of the exhaust and the working fluid in the preheater are combined to get the overall heat transfer coefficient for this area: The heat transfer coefficient for the preheater was calculated using equations (10)e(12), with the appropriate diameter and fluid properties values.
The log mean temperature difference (LMTD) is:
The rate of heat flow in the preheater:
This allowed us to evaluate the tube length and heat transfer:
For a single pressure ratio the preheater heat transfer area decreases with an increase of temperature in point 1. If the temperature is larger, less preheat area is required as the evaporation temperature is reached at a faster pace.
Evaporator
The heat transfer area calculations for the preheater and superheater are relatively similar, as these heat exchangers operate without the phase change. The evaporator analysis requires different and more detailed calculations. In out model, we have used Chen Correlation to determine all mandatory parameters [21] . Chen Correlation models the two-phase boiling coefficient, a evap , as the sum of nucleate boiling and convective boiling [22] .
There are two general effects influencing the above equation. First, a steep temperature gradient near the tube wall could partially suppress and reduce the nucleate boiling; hence, a suppression factor S is introduced. Secondly, the vapour, which occurs during evaporation, increases liquid velocity and the convective heat transfer; therefore, a multiplier F is introduced as well [22] . Considering these aspects the equation becomes:
In this case a FZ is given by the Forster and Zuber correlation: 
The thermal conductivity, k l , density, r l , specific heat capacity, c p l , and dynamic viscosity, m l , of the liquid, and gas density, r g , were found from REFPROP. Furthermore, the temperature difference DT sat (the difference between the inner tube wall and the local saturation temperature) was estimated to be 0.5 K. The pressure difference DP sat (the difference between the pressure at the wall temperature and the pressure at saturation temperature) was evaluated as approximately 0.025 bar. The surface tension, s, has almost linear dependence on the temperature and was described using the E€ otv€ os rule:
The E€ otv€ os constant, k e , is 2.1 Â 10
, T c is the critical fluid temperature and V m is the molar volume, where M is the molar mass of the fluid:
The nucleate boiling part of equation (19) 
where Х evap is the LockharteMartinelli parameter, with an assumed vapour quality, x, of 0.5:
The liquid phase heat transfer coefficient has been calculated as [21] : 
Finally, the overall heat transfer coefficient can be determined:
Alike for the preheater, the LMTD is calculated:
Heat flow rate, tube length and the overall evaporator heat transfer area were evaluated as shown above. The evaporator heat transfer area remains almost at the same level for different maximum cycle temperatures. For a constant pressure, the ingoing and outgoing temperatures are always constant as well; only the mass flow rate changes.
Superheater
The superheater is a significant part of the cycle, particularly for wet fluids like Methanol. The higher the superheater temperature, the higher the efficiency of the cycle and the risk that the working fluid condenses during the pressure drop inside the turbine, which could lead to corrosion and efficiency drop, is lower. All calculations and principles for the superheater evaluation are the same as previously shown in equations (5)e(17). An increase of the maximum cycle temperature is accompanied by a steeper rise of the superheater heat transfer area. This is consistent with the former, as with the higher required maximum temperature more surface area is needed to reach the desired value.
Air
Due to its simplicity, non-hazardous and non-toxic nature, we have considered air as the cooling fluid. Evaluation of heat transfer coefficient of air was performed and the heat transfer area of the condensers estimated. The air mass flow rate is assumed as 0.5 kg/ s; Re, Pr and Nu numbers and the heat transfer coefficient were calculated as shown above.
Condenser part 1
In the first stage condenser, the working fluid undergoes a phase change. A two phase condenser requires, like the evaporator, a more detailed consideration. The inlet temperature and inlet temperature difference are calculated in the same way as for the heat exchangers. For all possible scenarios the conditions at the condenser inlet were Re con1 i ! 35,000 so the Re number for liquid conditions, with a vapour quality x of 0.5, are calculated as:
It is essential to define another LockharteMartinelli parameter for the first condenser for Nu number calculations: 
Remaining numerical elements for two phase condenser were evaluated in the same way as for the other heat exchangers. The heat transfer area of the first condenser is practically the same for each cycle. The only part which differs is the mass flow rate, but the temperatures are constant in all cases.
Condenser part 2
The second condenser is the part which serves to cool the fluid down to the condensing temperature after it leaves the turbine. This heat exchanger has the same operational concept as the preheater and the superheater, but with reversed direction of the heat flow; hence the same set of equations was used. Whereas the outgoing turbine temperature increases with a rising maximum cycle temperature, the heat transfer area increases slightly as well. To get a sufficient comparison between all different cycles, all previously calculated heat transfer areas should be summed up:
(34) 4 . Results and discussion
Thermal efficiency
Thermal efficiency was evaluated for each cycle and all high cycle pressure and maximum cycle temperature variations, depending on the type of working fluid. Fig. 4 shows the thermal efficiency of a Methanol ORC with a turbine inlet temperature ranging between 150 C and 500 C and the high pressures between 1 and 20 bar. For a set pressure level, thermal efficiency increases almost linearly with temperature; the gradient is steeper for higher pressures. More prominent, exponential rise in efficiency is seen when the high cycle pressure grows. This is expected behaviour of a wet fluid and the cycle efficiency at greater pressures is additionally augmented by the temperature increase. Problems could occur at low temperature and high pressure combinations. Methanol starts to expand into the area of wet steam, resulting in efficiency and power losses. Superheating is vital to obtain high efficiencies and net power output and to avoid a wet expansion. The highest efficiency is found for the maximum temperature and pressure e 24.1%.
The efficiency of Toluene cycles shows different behaviour in comparison to Methanol (Fig. 5) . While both fluids achieve better performance at higher pressures, for a set pressure value the cycle efficiency decreases with the rise of the turbine inlet temperature. Efficiencies of Toluene ORC were generally lower than those of Methanol cycles for higher temperature values; conversely Toluene performed better with intermediate temperature heat inputs, confirming fluid selection practice has to take in account the magnitude of heat available in order to ensure the best possible performance.
Moreover, at the lowest investigated temperature and high pressures the efficiency is found to be considerably lower than the efficiencies around this area. Toluene is a dry fluid, therefore there is no risk as for Methanol that the fluid becomes liquid during the expansion inside the turbine. Yet, the combination of high pressure and low temperature imposes a risk that the fluid is not thoroughly vaporised at the turbine inlet. This entails as a consequence that the efficiency drops at this point and there is a risk of corrosion inside the turbine. The 'cut-off' point for this phenomenon was found to be at 17 bar and 250 C. However, the maximum thermal efficiency of 22.1% was found at 270 C and 20 bar. In comparison, at 10 bar Methanol efficiency ranges from 18.3% to 21.5%, while for the same operating pressure Toluene reaches 20.6% as a maximum efficiency. Dry fluids are well suited for ORCs, yet when a high-temperature fluid like Toluene is employed sufficient heat input is required to ensure complete vaporisation.
Only high cycle temperatures lower than 220 C were taken in account in Solkatherm cycles, as the working fluid starts decomposing above this temperature. Solkatherm had lower efficiency compared to Methanol and Toluene. As it can be seen in Fig. 6 this mixture resembles a dry fluid. Therefore, at low pressures diagram has a comparable shape to Toluene cycles, while the evaluated thermal efficiency was a mere third of those achieved by Methanol and Toluene. Nevertheless, it is intriguing that for very low pressures the efficiency remains virtually constant despite the temperature increase. This diagram is unique to the extent that the development of the efficiency is only a function of pressure. Since temperature influence seems to be irrelevant, Solkatherm has vast potential to be utilised in applications where variations in magnitude of heat input are expected. Yet, in order to achieve greater cycle efficiency relatively high pressures are necessary, which may prove to be problematic. Again, as a typical dry fluid it prefers a modest maximal temperature level.
Net power output
Net power produced by Methanol ORC is presented in Fig. 7 . Especially for low pressure cycles the shape of the net power output diagram is approximately the same like the corresponding efficiency diagram. Consequently, the net power output for low pressure cycles for Methanol increases with the turbine inlet temperature. Based on the estimated flow rate of 0.057 kg/s the maximum achievable power output is 28.7 kW.
The Toluene diagram for net power output (Fig. 8 ) has an analogical similarity to Fig. 5 . However, the rate of increase of net power output at higher pressures and low temperatures is greater. The maximum net power output for Toluene is higher than for Methanol. The same net power produced by Methanol ORC at maximum temperature and pressure is achievable by Toluene ORC operating at around 5 bar and 250 C up to 20 bar and 380 C, but for higher pressures Toluene is not as stable. Toluene generates higher output rates with further increase in pressure and reduction in temperature, but for pressures above 17 bar and temperature of 250 C the output drops abruptly. This occurs due to incomplete evaporation at the turbine inlet. It should be guaranteed that Toluene is entirely evaporated in order to avoid this undesirable behaviour. Fig. 9 reveals similar trends as seen for thermal efficiency variation of Solkatherm low pressure cycles. The maximum net power output was achieved through high pressure and low temperature combination, which is roughly the half of the maximum net work found for Methanol. While clearly Solkatherm is not an ideal candidate for highly efficient ORC, given the poor thermal performance, its net power is substantial, and unlike Toluene ORC it is fully superheated at high pressures even at very low temperatures.
Heat transfer area
Our analysis includes the evaluation of heat transfer area for the appropriate heat exchanger. It takes in account all heat exchangers elements; the calculated areas are those required for predefined temperatures to be reached.
For Methanol cycles the total heat transfer area simply grows with the increasing pressure. For the lowest pressures the heat transfer area increases with a rising temperature, whereas for high pressure the curve takes a more parabolic shape (Fig. 10) . The area is high for the lowest and the highest investigated temperatures and has its minimal turning point in the intermediate temperature range.
The higher the defined ingoing maximum temperature, the higher the heat transfer area of the superheater, hence this area increases with the temperature. On the other hand, the heat transfer area of the preheater decreases with increasing temperature; the area of evaporator remains almost on the same level. For low pressure cycles the average heat transfer area for the preheater is relatively low; thus, it does not affect the overall heat transfer area significantly. With a pressure increase the average area of the preheater becomes important. TeQ diagram for the primary heat exchanger is given in Fig. 12 . High pressures increase heating load of the preheater, while for the set temperature net heat input in the superheater is relatively constant. Consequently, share of the heating load of the evaporator decreases.
An acceptable compromise between heat transfer area, net power output and the efficiency needs to be found. The best thermal performance of Methanol is at the maximum investigated temperature and pressure, but this is also the highest evaluated heat transfer area. At this point the efficiency is 24.1% and the net power output is 28.7 kW; however, this requires the heat transfer area of 1.64 m 2 . An acceptable solution would be to keep the pressure high, but to consider temperature range between 360 C and 410 C. Under these conditions the heat transfer area is smaller (1.44 m 2 ), but the efficiency and net power output are still relatively high, 22e23%, and 28e28.4 kW, respectively.
The heat transfer area of Toluene yet again exhibits a different trend compared to Methanol. Similarly to the efficiency and net power output, the heat transfer area of Toluene is relatively unstable for high pressures and low temperatures. Toluene cycle has sensible heat transfer area between 1.6 m 2 and 1.8 m
2
. Trends on Fig. 11 reveal ideal temperature input is between 440 C and 470 C. However, the pressure would need to be relatively high, between 17 bar and 20 bar. At this range of parameters, Toluene ORC achieved a thermal efficiency between 20.2% and 21%, and a net power output between 23 kW and 24.8 kW.
Quantitative comparison reveals a number of advantages of Methanol ORC over Toluene one. While Toluene performs remarkably well at high-temperature inputs in terms of the net power produced, higher efficiencies and smaller heat transfer area make Methanol a more attractive candidate. While no fluid is perfect [12] , a good match must be found between the fluid and the operating pressures and temperatures. The efficiency and net power output had the highest values for high pressures; thus 20 bar presents itself as the optimum pressure e a realistic parameter, which can be successfully and safely implemented. Once a high pressure is reached the Methanol ORC net power output increases only slightly with the temperature. The efficiency increases more with the temperature, but the high pressure is a more influential parameter. The heat transfer area, and therefore the heat exchanger size, exhibits a minimum at intermediate temperatures.
The heat exchanger size is vital as it affects the weight of the overall system, and a relatively high turbine inlet temperature, between 360 C and 410 C, should be the best solution. While Methanol is a remarkably stable compound, decomposition is likely to occur at these conditions; therefore, an intermediate temperature range may be a more appropriate. The required size of the heat transfer area increases from its minimum value with decreasing temperature, yet less so for lower pressures. Namely, Methanol ORC operating between 310 and 350 C at 18 bar would require a similar heat exchanger size. These operating conditions would impose up to 2 kW reduction in net power output and less than 2% loss in thermal efficiency. A heat exchanger of comparable size for Toluene ORC would operate at very low pressures, and achieved power and thermal efficiency would be particularly low. In summary, Methanol cycle with a maximum pressure of 18 bar and turbine inlet temperature 320 C is a good compromise between heat exchanger dimensional requirements and operating parameters needed for desired thermodynamic performance. Intermediate range of temperatures selected is manageable and should ensure safe and controlled cycle operation. It should be mentioned there are certain risks associated with the use of Methanol as a working fluid, due to its flammability issues. While it is not uncommon for high flammability working fluids to be considered for ORC operation, it is crucial to perform in-depth evaluation of the associated risks [10, 23] . With high auto-ignition temperature and remarkable chemical stability, as well as from the economical point of view, Methanol has a potential to be a good ORC working fluid.
Conclusion
In this work the thermodynamic behaviour of Methanol, Toluene and Solkatherm SES36 has been investigated. Numerical tools have been developed to determine the thermal efficiency, net power output and the overall heat transfer area. While all calculations were carried out under steady-state steady flow conditions, our method depicted the effect of distinctive fluid characteristics on the cycle performance.
Although Toluene had the highest net power output, Methanol was chosen as a better suited fluid. Methanol ORC was more stable than Toluene and had higher average thermal efficiency. With Toluene a great amount of work can be produced, but it is not unaffected by small changes in temperature or pressure. These fluctuations could lead to a total net power output loss. Solkatherm had by far the lowest efficiency and net power output. Heat transfer area of Methanol cycle is sensible and from both thermodynamic and economical point of view was proved to be a good working fluid. 
